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Spatially resolved operando X-ray diffraction for
mapping heterogeneities in Li-ion single-layer
pouch cells
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The electrochemical degradation of Li-ion batteries occurs over

different spatial and temporal scales. This work demonstrates how

operando synchrotron X-ray diffraction can be used to study

degradation in Li-ion battery materials by mapping component-

specific crystallographic structure evolution across a single-layer

pouch full cell in real-time, enabling quantification of structural

degradation processes in Li-ion battery cells from the atomic to

macroscopic scale.

Degradation processes in Li-ion batteries can be broadly classi-
fied into those happening at the atomic, microscopic and
macroscopic scale.1 Operando X-ray diffraction (XRD) is the
method of choice to study cycling-induced structure changes
in Li-ion battery cells, as it provides direct real-time crystal-
lographic information of the cell components in a non-
destructive manner.2 However, these studies are often localised
investigations, where the X-ray beam is focused on a region
(determined by X-ray beam size) close to the cell centre, whose
electrochemical behaviour may or may not represent the overall
cell behaviour. Li-ion cells/batteries have been reported to
behave heterogeneously, with different regions of the cell
showing varying degrees of electrochemical activity. This can
originate from multiple factors including particle cracking,
electrolyte depletion, electrode misalignment, improper cell
sealing etc., all of which can also exacerbate electrochemical

performance degradation. Therefore, there is a need to identify
and quantify the crystallographic evolution of different cell
components over the entire cell, for example by operando XRD
mapping.3 This is crucial to develop an accurate picture of the
overall cell degradation and becomes increasingly relevant
when studying larger prismatic and cylindrical cells, where
the propensity for heterogeneous behaviour is higher.4–10

Academic investigations of electrochemical performance
degradation often use coin and/or single-layer pouch (SLP)
cells. The latter enables reproducible practically relevant inves-
tigations of electrochemical performance and degradation
mechanisms.11 SLP cells are also ideal for operando X-ray
measurements as they can be directly studied without any
modifications that aid X-ray transmission, even using labora-
tory instruments,12,13 provided the electrode active material
loadings are sufficiently high. With the development of
fourth-generation synchrotron sources and advanced data ana-
lytics tools, operando XRD mapping is gradually being adopted
by the battery research community. However, complexity in
terms of principle, instrumentation, and data analysis presents
a high barrier of entry for new researchers. Therefore, this work
demonstrates how operando synchrotron XRD mapping can
quantifiably track spatial crystallographic changes in the elec-
trode bulk and identify electrode-/cell-level heterogeneities
arising from factors such as improper electrolyte wetting and
electrode stacking. To amplify such heterogeneities for demon-
strative purposes, a model LiNiO2–graphite SLP cell (Fig. S1a)
was assembled with a slightly misaligned electrode stack and
sealed without vacuum (full details in SI). Operando XRD
mapping was performed on the ID31 beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) using
a 95 keV X-ray beam as the cell was charged to 4.5 V. Operando
maps were measured with a pixel size of 100 mm � 600 mm with
a XRD data collection time of 0.01 s per pixel, resulting in
approx. 15 min per map of the SLP cell. High-resolution maps,
with a pixel size of 100 mm � 100 mm, were collected at the
open-circuit-voltage (OCV) and fully charged (4.5 V) states.
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Relevant experimental details about the cell and operando setup
(Fig. S1b), including the data processing and analysis, are
included in the SI.

Fig. 1a shows the XRD data averaged across the entire SLP
cell in the OCV state. LiNiO2 (LNO) cathode, graphite anode
and the (Al and Cu) current collectors dominate, with non-
crystalline cell components such as the pouch and separator
having diffuse contributions to the overall intensity (Fig. S2a).
The electrolyte may also lead to X-ray scattering intensities,
predominantly in the low Q (scattering vector) region.14

Fig. 1b–d are the XRD intensity maps from selected Q regions
of interest (ROIs) focused on the LNO (003), graphite (002), and
Cu (111) reflections, respectively, in Fig. 1a, and represent the
spatial distribution of each phase, thereby (non-destructively)
imaging the associated component within the cell. It is not
possible to obtain a clear map of the Al current collector as the
pouch cell material also contains Al (Fig. S2a). The intensity
variations within the LNO map indicate the distribution of
active material is not uniform across the electrode. This is
rational considering that the cathode was manually prepared
using the draw-down method, as opposed to the anode, which
was fabricated using a roll-to-roll pilot-line coater. Fig. 1e shows
the averaged XRD diffraction data from the cell at the OCV and
charged (4.5 V) states, compared to a pristine LNO cathode. The
LNO 003 reflection (left inset) in the OCV-cell data is at a lower
Q value compared to the pristine cathode due to the incomplete
re-lithiation during the previous cycle carried out to check the
cell. Upon charging to 4.5 V, LNO shows the expected transfor-
mation from the parent hexagonal (H1) phase to the H3 phase
(at 1.405 Å�1).15,16 A small amount of the preceding intermedi-
ate hexagonal (H2) phase is also observed, suggesting that
delithiation has not occurred uniformly across the cathode.
Concurrent changes are also observed in graphite, which pre-
dominantly exist in the LiC12 phase at the end of charge, with a
small shoulder towards higher Q values signifying the presence
of other graphite phases of lower lithiation.17,18 This is
expected as the heterogeneity in the cathode delithiation will
undoubtedly affect the spatial anode lithiation.

Fig. 2a shows the voltage vs time profile during the operando
experiment. Due to the deliberately non-optimal manufacture

of the SLP to amplify heterogeneous behaviour, its electro-
chemical performance during the first charge is poorer
compared to a properly built SLP of similar electrode chem-
istry, as reported in our previous work.19 Fig. 2b shows the
position of the LNO 003 reflection(s) at different stages of
charging, determined by pseudo-Voigt peak fitting (see SI).
The position of the LNO 003 reflection is dependent on the
degree of delithiation, and therefore, directly probes the
electrochemical activity of the cathode. Whilst initially fairly
uniform, the peak position varies across the cathode as
charging progresses – attributed to the combination of the
inhomogeneous material loading, improper electrode stack-
ing, and irregular contact between the electrolyte and elec-
trode due to the absence of a vacuum seal. The right and left
edges of the electrodes are completely inactive throughout
charging, whilst an ‘island’ of reduced electrochemical activ-
ity appears towards the centre of the cell, where delithiation
is slower, and is ascribed to weak electrolyte–electrode con-
tact, whereas the edges are regions with electrode misalign-
ment. Exemplar local XRD patterns from a line scan down the
centre of the cell after charging for 45 mins are shown in
Fig. S3 to illustrate the local variations in lithiation. Fig. 2c
tracks the evolution of the graphite peak during charging,
showing continuous progression towards lower Q values,
and ending with the peak position corresponding to the
LiC12 phase (red regions), with traces of intermediate phases
such as LiC30 and LiC18 (marked by white regions in Fig. 2c).
The LiC6 phase is not reached as the lithiation does not
progress to that extent. Thus, operando XRD mapping, even
via simple peak fitting, can track heterogeneous electroche-
mical behaviour in the cell, and correlate it with macroscopic
defects.

Fig. 1 (a) Averaged XRD pattern obtained from the mapped pixels across
the SLP cell at the OCV state. XRD intensity maps from selected ROIs that
have contributions from (b) LiNiO2, (b) graphite and (c) copper. The ROIs in
plot (a) are colour-coded to the maps below – red: LiNiO2, blue: graphite,
and brown: copper. The scale bar in (b) is also common to (c) and (d). (e)
Averaged XRD data from a pristine LiNiO2 cathode (red), and the SLP cell at
OCV (blue) and charged states (yellow). ROIs corresponding to LNO and
graphite are shown in the insets.

Fig. 2 (a) The electrochemical voltage vs. time profile from the operando
experiment. Maps of the distribution of the (b) LiNiO2 and (c) graphite peak
positions representing the state of lithiation (where red and blue corre-
sponds to higher and lower Li content, respectively) at selected charging
stages.
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Fig. 3 contains four sets of maps, which shows the evolution
of the refined scale factors of the LNO H2 and H3 phases, and
the corresponding unit cell parameters. These data were
obtained by Rietveld analysis of the XRD data collected at each
pixel. The structural transition from the H2 to the H3 phase,
expectedly, directly correlates with the peak position data in
Fig. 2b. The inactivity of the edge regions and the retarded
behaviour of the central region is observed via differences in
the H2 to H3 transformation. At the edges, no H3 phase is
formed, whereas in the central region, the formation of the H3
phase lags behind the rest of the cell (hence the observation of
the small amounts of the H2 phase in charged-cell data in
Fig. 1e). The evolution of the LNO unit cell parameters,
obtained by fitting a R%3m unit cell to each XRD data, conform
to expected behaviour; the a parameter shows a gradual
decrease before plateauing, whereas the c parameter initially
increases before collapsing to lower values simultaneously with
the formation of the H3 phase. Once again, the heterogeneity in
delithiation is directly reflected in the lattice parameter
evolution.

Fig. S4 shows the analogous anode maps with the scale
factors of the different (lithiated) graphite phases, modelled
using the graphite, LiC30, LiC18 and LiC12 phases. The inactivity
of the misaligned edge regions of the anode is evident from it
remaining in the graphite phase (Fig. S4a). Interestingly, the
central ‘island’ of inactivity is not visible, and implies that there
is some (electrochemical) contact between the electrodes here,
albeit weak. Since the lithiation of graphite results in a faster,
more noticeable change in its XRD peak positions than the
delithiation of LNO, the effects of charging are visible earlier
than in the LNO data.

With the recent developments in synchrotron XRD instru-
mentation, it is also possible to track variations in the back-
ground and diffuse scattering features in the XRD data during
cycling. Although this is particularly complex for dynamic,
multi-component electrochemical systems, requiring founda-
tional systematic studies to isolate contributions from indivi-
dual components, it has the potential to provide further
insights into the underlying processes. A preliminary example
of how tracking variations in the diffuse scattering and back-
ground may provide insights about variations in the electro-
chemical behaviour is presented in Fig. 4. It shows the high-
resolution XRD intensity maps of the OCV and charged cells
corresponding to the 1.42–1.60 Å�1 range; sufficiently away
from the direct beam while not having any contributions from
the electrodes. Contributions from the pouch material and
separator (Fig. S2a), are present but expected to be invariant
during cycling. Intriguingly, there are strong spatial intensity
variations across the cell at OCV, which also notably change
after charging. This is reflected in the averaged XRD data from
the 8 ROIs, as shown in the panels to the right of their
corresponding maps. The ROIs (1 mm2, 100 pixels) correspond
to regions with visible intensity variations. These patterns show
the expected intensity variations in the LNO reflections (due to
inhomogeneous active material loading), while the graphite
data are highly comparable. In the charged cell, the ROI
patterns show significant variations. Three ROIs (cyan, violet
and grey) specifically show reduced delithiation (based on the
LNO (003) position) while occupying regions with lower diffuse
scattering intensities on the map. Based on these observations,
it may be cautiously hypothesised that the scattered intensity in
the 1.42–1.60 Å�1 range is influenced by electrolyte–electrode
interactions. For example, as the electrolyte directly participates
in the electrochemical reactions, it is rational that its scattering
intensity contributions are altered during charging. Addition-
ally, the LNO cathode when charged to 4.5 V, will evolve oxygen,
which can interact with the electrolyte to form gaseous CO2 and
CO, the build up of which can also alter the distribution of
electrolyte within the SLP cell, explaining the changes in the

Fig. 3 Maps of different cathode parameters obtained from XRD data
fitting: LiNiO2 (a) H2 and (b) H3 phase scale factors, and (c) and (d) average
unit cell parameters. The time and approx. voltage corresponding to each
map is also mentioned at the top.

Fig. 4 XRD intensity map of the (a) OCV and (b) 4.5-V charged cell,
corresponding to the Q range, 1.42–1.6 Å�1. (b) Averaged XRD data from
the 8 ROIs highlighted in the maps.
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spatial intensity distribution after charging. The absence of a
vacuum seal may also lead to inhomogeneous distribution of
the electrolyte within the SLP cell. Whilst further systematic
investigations are required to conclusively deconvolute the
contribution of electrolyte to the overall XRD data, this is an
encouraging example as to how electrolyte dynamics may also
be characterised using operando XRD mapping, offering new
research avenues to take advantage of the advanced synchro-
tron X-ray facilities worldwide.

Operando XRD mapping is presented as a technique to
obtain spatially resolved component-specific structural infor-
mation during electrochemical cycling of lab-standard SLP full
cells. The cell was deliberately fabricated without proper elec-
trode stacking and vacuum sealing to amplify spatial hetero-
geneities. This served as an ideal example to illustrate how
single-point/region investigations may not provide an accurate
description of the overall cell behaviour. These fast operando
studies are feasible due to recent developments in synchrotron
X-ray brightness and detector sensitivity, and along with the
direct interface of the electrochemical control with the beam-
line, render this type of measurement accessible to all users.
Preliminary work on how analysing the changes in the back-
ground and diffuse scattering features in the operando XRD
data may provide additional insights into the behaviour of the
cells is also demonstrated, and offers exciting directions for
future work.
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